Abstract Metastasis to regional lymph nodes is an important and early event in many tumors. Vascular endothelial growth factor-C (VEGF-C), VEGF-D and their receptor VEGFR-3, play a role in tumor spread via the lymphatics, although the timing of their involvement is not understood. In contrast, VEGFR-2, activated by VEGF-A, VEGF-C and VEGF-D, is a mediator of angiogenesis and drives primary tumor growth. We demonstrate the critical role for VEGFR-3, but not VEGFR-2, in the early events of metastasis. In a tumor model exhibiting both VEGF-Ddependent angiogenesis and lymphangiogenesis, an antibody to VEGFR-2 (DC101) was capable of inhibiting angiogenesis (79 % reduction in PECAM ? blood vessels) and growth (93 % reduction in tumor volume). However, unlike an anti-VEGFR-3 Mab (mF4-31C1), DC101 was not capable of eliminating either tumor lymphangiogenesis or lymphogenous metastasis (60 % reduction of lymph node metastasis by DC101 vs 95 % by mF4-31C1). Early excision of the primary tumors demonstrated that VEGF-Dmediated tumor spread precedes angiogenesis-induced growth. Small but highly metastatic primary human breast cancers had significantly higher lymphatic vessel density (23.1 vessels/mm 2 ) than size-matched (11.7) or larger nonmetastatic tumors (12.4) thus supporting the importance of lymphatic vessels, as opposed to angiogenesis-mediated primary tumor growth, for nodal metastasis. These results suggest that lymphangiogenesis via VEGF-D is more critical than angiogenesis for nodal metastasis.
Introduction
The natural history of most epithelial malignancies involves an initial phase of proliferation of cancer cells at the site or origin, followed by metastasis to a variety of possible destinations. Involvement of regional lymph nodes is often a relatively early event, and is an important prognostic factor in most cancers [1] . Malignant cells may metastasise via lymphatic or blood vessels, but it is unclear which vessel types are involved in early metastatic events. Further, the relationship between nodal metastasis and systemic metastasis is uncertain, although recent genomic sequencing of cancers suggests a capacity for clonal evolution of metastasis, with individual metastatic lesions able to seed further metastasis [2] . The study of tumor angiogenesis has revealed the key role that growth factors such as VEGF-A play in mediating the proliferation of tumor-associated blood vessels [3, 4] . Further, anti-angiogenic treatment of these vessels using inhibitors of VEGF-A and VEGFR-2 can reduce tumor angiogenesis and slow the rate of tumor growth in both experimental models and in established human tumors [5] [6] [7] . However, clinical trials using an anti-VEGF-A monoclonal antibody (Avastin/Bevacizumab) as adjuvant therapy in early-stage colon cancer failed to demonstrate an improved disease-free survival [8] . An interpretation of these outcomes, in terms of the biology of the primary tumor, is that while an anti-VEGF-A approach is effective for controlling primary tumor growth, other signaling pathways contribute to tumor dissemination.
The discovery of lymphangiogenic growth factors such as VEGF-C [9] and VEGF-D [10, 11] , and of lymphatic markers such as LYVE-1 [12] and podoplanin [13] , has accelerated the study of tumor lymphangiogenesis, and the role of lymphatic vessels in cancer [14] [15] [16] [17] [18] [19] . Approaches driving expression of these growth factors in mouse tumor models have demonstrated their potency at promoting both tumor angiogenesis and lymphagiogenesis, and lymph node and distant organ metastasis [14, 18, [20] [21] [22] . In a VEGF-D-positive tumor model, lymphatic metastasis can be inhibited by VEGF-D-specific monoclonal antibodies (Mabs) [18, 23] . Further, expression of VEGF-C and VEGF-D in numerous human tumors has shown a correlation with lymph node metastasis, suggesting potential utility of these molecules as prognostic factors and as therapeutic targets [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
In the present study we use a variety of mouse tumor models and neutralizing antibodies specific for VEGFR-2 and VEGFR-3 to address the contribution of VEGF-Ddependent lymphangiogensis and angiogenesis in the initial phase of tumor metastasis. Our results show that signaling through VEGFR-3 is required for the initial steps of VEGF-D-mediated lymphogenous metastasis, and that lymphogenous metastasis is less dependent on enhanced angiogenesis mediated through VEGFR-2.
Materials and methods

Experimental animals
We used female SCID/NOD mice (Mus musclus), which have deficient NK-cell function (ARC and Walter and Eliza Hall Institute for Medical Research, Australia), 8-12 weeks of age. All experiments performed on animals were in accordance with guidelines of the Regional Animal Ethics Committee set by the National Health and Medical Research Council of Australia.
Tumor cell lines and cultures
The 293-VEGF-D cell line (293; human embryonic kidney cells) expressing full-length human VEGF-D cDNA with amino-terminal FLAG sequence (VEGF-D-FULL-N-FLAG) via an pAPEX-3 expression vector was used to generate subcutaneous tumors expressing the growth factor VEGF-D as previously described [18] . A 293EBNA line stably transfected with APEX-3 vector alone (293-APEX) was used as a control. Cell lines were maintained in Dulbecco's modified Eagle's medium with 10 % FBS, 5 mM L-glutamine, 50 lg/ml gentamicin and 100 lg/ml of hygromycin in a humidified atmosphere of 10 % CO 2 . The growth rates of cell lines in vitro were not statistically different as assayed with MTT. VEGF-D was bioactive as assessed by VEGFR-2 and VEGFR-3 bioassays [23, 35] .
Anti-VEGFR-2, anti-VEGFR-3 and anti-VEGF-D monoclonal antibodies DC101 and mF4-31C1 are neutralizing rat monoclonal antibodies directed against mouse VEGFR-2 and VEGFR-3, respectively, that were supplied by ImClone systems incorporated (New York, NY). The mF4-31C1 antibody prevents lymphangiogenesis in adult mice without effects on either angiogenesis or the survival or function of existing lymphatic vessels [36] . The VD1 anti-VEGF-D monoclonal antibody was produced essentially as described previously [23] -it was purified from the culture media of the VD1 hybridoma cell line by affinity chromatography with protein G-Sepharose (Amersham Pharmacia Biotech) according to the manufacturer. All antibodies were injected in PBS buffers.
293-VEGF-D xenograft model
The 293-VEGF-D tumor model, in which xenografts of the VEGF-D-secreting transfected 293EBNA-1 tumor cell line are implanted subcutaneously into the skin of SCID/NOD mice, has been previously described [18] . Control tumors which express only the pAPEX vector with no VEGF-D-encoding insert (designated 293-APEX) grow less rapidly and show no spread to regional lymph nodes. The 293-VEGF-D tumors produce full-length VEGF-D polypeptide that is proteolytically processed to generate mature VEGF-D which is capable of inducing both tumor angiogenesis and lymphangiogenesis, and driving lymphogenous spread to regional lymph nodes [18] . Here, mice inoculated with 293-VEGF-D or control 293-APEX cells were divided into six treatment groups (n = 10 per group). Mice injected with VEGF-D-expressing tumor cells were treated with vehicle alone, VD1, mF4-31C1 or DC101 monoclonal antibodies (Mabs) or the combination of mF4-31C1 and DC101. The negative control tumor, 293-APEX, was also used. The mice were anesthetized with inhalation of nitrous oxide and 2-chloro-2-difluoromethoxy-1,1,1-trifluoro-ethane (isoflurane), and 2.5 9 10 7 cells were injected on the left flank of each mouse subcutaneously. Antibodies were injected intraperitoneally and treatment started the day after tumors were injected. The VD1 antibody was injected at 400-800 lg/mouse twice a week (*20-40 mg/kg), and DC101 and mF4-31C1 were injected at 700-800 lg/mouse (*30-37.5 mg/kg) and 1 mg/ mouse (40-50 mg/kg) three times a week, respectively. The resulting tumors were measured with digital calipers. Tumor volumes were calculated as follows: volume = length 9 width 2 9 0.52. Four to five weeks later the mice were sacrificed to harvest the primary tumor, surrounding tissue and regional lymph nodes. In a variation of the model, established primary tumors were surgically excised on day 7 after injection of the tumor cells. Wound edges were approximated with surgical clips and the wound monitored for 5 weeks. Mice with a local recurrence were excluded from the experiment. After 5 weeks, mice were sacrificed and the regional lymph nodes collected and examined carefully for evidence of tumor infiltration. In all studies, samples of each tumor were taken for cryostat sections or fixed immediately in Bouin's fixative for 4 h and processed by standard paraffin embedding. Data were derived from three independent experiments in the case of the antibody treatments and from two independent experiments in the case of the surgical excision.
Immunohistochemistry
Fresh tissue sections were fixed in cold acetone, and the endogenous peroxidase activity and non-specific binding then blocked by treatment with 0.5 % H 2 O 2 and normal serum (DakoCytomation, Carpinteria, CA), respectively. Sections were then incubated with primary antibodies to either CD31 (biotinylated rat anti-mouse, BioLegend, San Diego, CA) or a rabbit antibody to mouse LYVE-1 (R & D Systems, Minneapolis, MN) overnight at 4°C. After washing, sections were incubated with secondary antibodies/reagents, swine anti-rabbit immunoglobulins/HRP (DAKO, Glostrup, Denmark) or Streptavidin-HRP (Perkin Elmer Life Sciences, Boston, MA) each diluted 1:200, according to the species of primary antibodies, for 60 min. Sections were washed again and then color visualized with DAB chromogen (Vector Laboratories, Burlingame, CA). In some cases sections were stained with D2-40 (Vector Laboratories) to detect podoplanin. The endothelia detected by antibodies to PECAM-1 and LYVE-1 were quantified from sections by determining the number of stained pixels in eight randomly selected high-powered fields containing stained vessels (magnification 409). Computerassisted morphometric analysis of digital images was performed using Corel Draw (Version 11.0 software, Corel Corporation, Ottawa, Canada). Total vessel area was calculated per tumor, using five different sections of each tumor and eight randomly selected fields per section, and data were expressed as the average vessel area of all tumors in that group.
Immunofluorescence staining
Immunofluorescence double staining was performed on 6 lm thick cryostat sections, rehydrated in mouse tonicity-PBS and blocked in normal serum (DakoCytomation, Carpinteria, CA). Primary antibodies including rabbit anti-LYVE-1, rat biotin anti-CD31 antibody (BioLegend, San Diego, CA), goat anti-VEGFR-2 and goat anti-VEGFR-3 antibodies (R&D Systems, Minneapolis, MN) were applied overnight at 4°C. Secondary chicken anti-goat Alexa 594 and donkey anti-rabbit Alexa 488 antibodies for LYVE-1-combined immunostaining or donkey anti-goat Alexa 594 and mouse anti-biotin Alexa 488 antibodies for CD31-combined immunostaining (Molecular Probes, Eugene, OR) were incubated separately for 60 min at room temperature. Sections were mounted in Slow Fade antifade reagent (Molecular Probes). Sections were analyzed by fluorescence microscopy using a Nikon TE2000-E microscope (Nikon, Melville, NY) equipped with a DP70 Digital Camera (Olympus Australia Pty. Ltd., Melbourne, Australia).
Human breast cancer samples
Primary human breast cancer tissue (n = 22) was obtained at the time of surgical resection and processed by standard histopathological techniques. Tumors were classified as being either ''large'' ([30 mm) or small (\20 mm) in diameter. These tumors were then classified according to lymph node status, being either lymph node negative (LN-) or lymph node positive (LN?). Lymph node status was determined by a combination of sentinel lymph node biopsy and subsequent histopathology. From these groups, tumors were sub-classified according to an expected behavior pattern (being either a large primary tumor with a positive lymph node status LN?, n = 5; or a small primary tumor with a negative lymph node status, LN-, n = 6) or to an unexpected behavior pattern (large primary tumor and negative lymph node status, LN-, n = 5; small primary tumor and a positive lymph node status, LN?, n = 6). The location, diameter and nature of lymphatic vessels in the center and periphery of these tumors were then analysed and quantified.
Lymphatic vessel analysis in human tissue
Immunohistochemical staining of human breast cancer sections was performed using the D2-40 monoclonal antibody which recognizes podoplanin (Vector Labs Inc, CA, USA). Sections were stained using a robotic immunohistochemistry workstation (IHC robot, Department of Anatomical Pathology, Royal Melbourne Hospital) and stained sections were quantified in a blinded manner using a 109 objective field. Each lesion was divided into different regions for quantification of lymphatic vessel location: surrounding skin, peripheral tumor (skin edge), peripheral tumor (deep edge) and central tumor regions. Control tissue derived from normal human skin and from areas of 8-12 month old scar tissue were used to analyse the lymphatic vessels in a normal and pathological context, respectively. Lymphatic vessel density (LVD) was defined as the number of podoplanin ? vessels per 10 9 objective field or per mm 2 as described previously [37] .
Statistical analysis
The statistical differences for tumor size and quantitation of LYVE-1 and CD31 immunostaining were analyzed by the Mann-Whitney U test. Differences in the incidence of lymph node metastases between groups were analyzed by the v 2 test. P \ 0.05 was considered statistically significant.
Results
Tumor spread to regional lymph nodes is an early event in tumors expressing VEGF-D
In order to characterize the timing and vessel dependency of lymphogenous metastasis, we used a previously characterized model of VEGF-D-induced tumor growth and metastasis. In this model, employing human 293EBNA-1 cells, expression of VEGF-D induces both angiogenesis and lymphangiogenesis in the primary tumor, and spread to regional lymph nodes [18] . The log-phase growth of the primary tumors, supported by angiogenesis, occurs between day 14 and 30. By surgical excision of the primary tumors on day 7, i.e. 7 days before the onset of log-phase growth of the tumors, we explored if metastatic spread to lymph nodes occured before the major phase of primary tumor growth (Fig. 1a ). Macroscopic and histological examination revealed that 25-50 % of mice had tumor cells in the regional lymph node 5 weeks after surgical removal of the primary tumors (Fig. 1b) , indicating that metastasis can occur as an early step in tumor development. This observation parallels human cancer in which lymphogenous metastasis is seen as an early and common event in the natural history of many human cancers.
Anti-VEGFR-2 treatment prevents VEGF-D-mediated tumor growth but is less effective at blocking metastasis
In this study, tumors expressing VEGF-D grew more rapidly than those transfected with an expression vector lacking VEGF-D sequence (APEX-3 control tumors, Fig. 1c ), as previously demonstrated [18] , presumably due to angiogenesis driven by VEGF-D. Most VEGF-D-positive tumor-bearing mice also had tumor cell metastasis in the ipsilateral axillary lymph nodes (Fig. 2a , Table 1 ). Treatment of VEGF-D-positive tumors using the anti-VEGFR-2 antibody DC101, strongly inhibited primary tumor growth (Fig. 1c) , and DC101-treated mice had small (\5 mm diameter) avascular tumors with necrotic areas, or in some cases no significant tumors at all (Fig. 2e) .
However, despite the significant inhibition of primary tumor growth seen in the DC101-treated mice, 9 of 26 (35 %) mice had metastases in ipsilateral axillary or inguinal lymph nodes (Table 1) . Some mice with barely detectable primary tumors had metastatic tumor cells in the local lymph node (Fig. 2l) . While the involved nodes in untreated VEGF-D-positive mice were predominantly replaced with tumor cells (Fig. 2j) , metastatic lymph nodes from DC101-treated VEGF-D-positive mice were generally only partially occupied by tumor cells (Fig. 2l) . These findings indicate that anti-VEGFR-2 treatment was very effective in restricting the growth of the primary tumor, but less effective in inhibiting lymph node metastasis.
Anti-VEGFR-3 treatment inhibits both tumor growth and metastasis
In contrast to DC101, treatment of VEGF-D-positive tumors with the VEGFR-3-specific monoclonal antibody mF4-31C1 only partially reduced primary tumor growth (Figs. 1c, 2d ). This effect on tumor growth suggests that VEGFR-3 signaling makes some contribution to angiogenesis in this tumor model. The macroscopic appearance of the tumors treated with mF4-31C1 was similar to VEGF-D-positive tumors treated with anti-VEGF-D antibody, being quite large and containing a visible blood vascular network (Fig. 2c, d ). This suggests that some blood vessels were present in the tumors after treatment, in contrast to tumors treated with DC101. Significantly, lymph node metastasis only occurred in one of 22 mice (5 %) treated with mF4-31C1, in comparison to 84 % of vehicle-treated VEGF-D-positive mice, indicating that the VEGFR-3 signalling pathway plays a major role in driving lymph node metastasis in this model (Table 1) . Further, metastases that were detected in the lymph node of the only mouse treated with mF4-31C1 that developed LN metastasis occupied a very small area of the node (Fig. 2k) , suggesting that the anti-VEGFR-3 antibody reduced the overall extent of lymphatic metastasis observed at the time of lymph node collection. Therefore, while targeting VEGFR-3 had a moderate impact on primary tumor growth, it was very effective (and far more effective than targeting VEGFR-2) at reducing lymphatic metastasis.
The combination of anti-VEGFR-2 and anti-VEGFR-3 antibodies is the most effective anti-metastatic treatment for a VEGF-D-secreting tumor
Combined treatment with DC101 and mF4-31C1 antibodies was most effective in preventing both tumor growth and in preventing (or inhibiting) lymph node metastasis (Fig. 1c , Table 1 ). Tumors treated with the DC101 ? mF4-31C1 , and a non-metastatic cell line expressing only the pAPEX-3 vector (APEX-3 Control) also treated with vehicle. Groups were followed until they reached a maximum size allowable under ethics approval. Data are presented as mean ± SEM combination produced either very small or undetectable primary tumors that were macroscopically similar to those treated with DC101 alone (Fig. 2f) . Furthermore, lymph node metastasis was completely inhibited in this group, the combination treatment being more effective than either antibody alone (Table 1) .
Effects of targeting VEGFR-2 and VEGFR-3 on blood vessels and lymphatics
We hypothesized that changes to tumor vessels induced by treatment with anti-VEGFR-2 and anti-VEGFR-3 antibodies may underlie the alterations in primary tumor growth and lymphogenous metastasis observed experimentally. It was noted that VEGFR-2 and VEGFR-3 are expressed on blood and lymphatic vessels in these tumors (data not shown). VEGF-D-positive vehicle-treated tumors exhibited an abundance of intratumoral LYVE-1-positive lymphatic vessels, which exhibited weak PECAM-1 staining, and abundant blood vessels strongly stained for PECAM-1 were also observed (Fig. 3a, b) . In contrast, APEX-3 control tumors contained no intratumoral LYVE-1-positive lymphatic vessels and few PECAM-1-positive blood vessels (Fig. 3c, d) . Treatment of VEGF-D-positive tumors with either VD-1 (anti-VEGF-D) or mF4-31C1 (anti-VEGFR-3) resulted in a substantial reduction of LYVE-1-positive lymphatic vessels (Fig. 3e, g ). In contrast, treatment with DC101 (anti-VEGFR-2) resulted in tumors with substantially reduced levels of PECAM-1-positive blood vessels, but prominent LYVE-1-positive lymphatic vessels persisted (Fig. 3i, j) . Quantification of staining patterns of LYVE-1-positive and PECAM-1-positive vessels in the various control and treatment groups demonstrated a contrasting effect of anti-VEGFR-2 and anti-VEGFR-3 treatment (Fig. 4b, c) . Anti-VEGFR-2 caused a substantial reduction in PECAM-1-positive vessels, which correlated with reduced primary tumor size (Fig. 4a) . However, the density of lymphatic vessels increased in this group, indicating that the lymphatics essentially remained intact after anti-VEGFR2 treatment (Fig. 4b) . In contrast, mF4-31C1 treatment resulted in a significant reduction of LYVE-1-positive lymphatic vessels (Fig. 4b) while PECAM-1-positive vessels (Fig. 4c) and primary tumor volume (Fig. 4a) were not as reduced as for the DC101 treatment group. Further, this reduction in LYVE-1-positive vessels in the group treated with mF4-31C1 was matched with a reduced rate of lymph node metastasis. Therefore we conclude that while anti-VEGFR-2 treatment could dramatically reduce the growth of the primary tumor through reduction of tumor blood vessels (i.e. prevention of angiogenesis), LYVE-1-positive lymphatic vessels (i.e. lymphangiogenesis) were not significantly affected by this treatment, hence the effect on lymphatic metastasis was only moderate. Conversely, anti-VEGFR-3 treatment was less able to reduce the growth of the primary tumor (Fig. 4a ), due to a less profound effect on the abundance of PECAM-1-positive blood vessels (Fig. 4c) , but was able to eliminate LYVE-1-positive lymphatic vessels (Fig. 4b) , and thereby result in dramatic reduction in the rate of regional nodal spread (Table 1) . These data also suggest that whereas tumor size is in part determined by angiogenesis, lymph node metastasis correlates better with lymphatic vessel density.
Lymphatic vessel density (LVD), not tumor size, predicts the outcome of some breast cancers
To confirm the experimental finding of an association between high LVD and lymphatic metastasis, we examined a series of primary human breast cancers to determine if LVD in human tumors represented an independent determinant of metastasis, irrespective of tumor size and angiogenesis (Fig. 5) . Surgically-excised primary human breast cancers were classified as either being ''large'', [30 mm, or ''small'', \20 mm, in diameter. A 1 cm differential between the diameters of the two groups was chosen to allow a clear distinction between the sample sets. These tumors were then subdivided according to the lymph node status of the patients. The four groups were T? (large tumor, lymph node involved); T-(large tumor, lymph node uninvolved); t? (small tumor, lymph node involved); t-(small tumor, lymph node uninvolved). Using D2-40 as a marker of lymphatic vessels, the density of these vessels in the intratumoral and peritumoral regions were determined ( Fig. 5a-e) . Analysis of the average LVD across all tumor types showed little variation between intratumoral, peritumoral or total LVD (Fig. 5f ). In contrast, when the groups separated according to whether they fall into T?, T-, t?, t-tumor categories were analysed, differences in LVD relative to the metastatic potential and size of the primary tumors were observed. Small lymph node-positive cancers (t?) had higher peritumoral, intratumoral and total LVD compared to the larger tumor groups, whether metastatic or not, and higher LVDs than the non-metastatic tumors of the same size (t-) ( Fig. 5f-i) . In contrast, large lymph node positive cancers (T?) were not significantly different from their large tumor, lymph node-negative counterparts (T-) ( Fig. 5f-i) . These data suggest that the LVD in small breast cancers may be associated with a more aggressive phenotype, and be a marker of those small cancers that are most likely to have lymph node metastasis at presentation. These results are consistent with our observations from the preclinical experimental tumor The margin of the tumor is indicated in the section by a dotted line. The LVD was determined in the peritumoral and intratumoral regions of the breast tumors, and the LVDs of these two regions were combined (designated ''Total'') (f). The human breast tumors were sub-divided into groups according to the size of the primary tumor and lymph node status (T? denotes large primary tumor and involved lymph nodes; T-large primary tumor and non-involved lymph nodes; t-small primary tumor and non-involved lymph nodes; t? small primary tumor and involved lymph nodes). These tumors were evaluated for peritumoral LVD (g), intratumoral LVD (H) and total LVD (I).
Arrows indicate stained vessels. The epidermis in (c) is indicated by ''e''. Data are presented as mean ± SEM. Data analysed using a students t test. **P \ 0.01, *P \ 0.05 model that LVD, more so than angiogenesis-driven primary tumor size, is a key determinant of metastatic spread to lymph nodes.
Discussion
In the present study, we examined the contribution of blood and lymphatic vessels to primary tumor growth and lymphatic spread of tumors using a metastatic mouse tumor model and a series of primary human breast cancers. Using antibodies specific to key receptors for growth factors involved in angiogenesis and lymphagiogenesis, we demonstrated the contribution that VEGFR-2-mediated signaling may play in tumor angiogenesis and promoting tumor growth, and of VEGFR-3-mediated signaling for lymphangiogenesis and lymphatic metastasis (summarized in Fig. 6 ). The key role for VEGFR-3 signaling in lymphatic metastasis is supported by studies in other rodent tumor models targeting this receptor [38] [39] [40] [41] . The potential clinical relevance of our findings was supported by analysis of primary human breast cancers in which metastasis to regional lymph nodes correlated with LVD rather than tumor size. Our experiments involving surgical excision of the primary tumor indicated that lymphatic metastasis can occur when the primary tumor is very small. These insights may help in the design of anti-angiogenic and/or antilymphangiogenic treatment regimens for cancer therapy [42] , particularly in defining the time window during which these treatments may be most effective. More specifically, our data suggest that anti-lymphangiogenic approaches designed to restrict tumor metastasis should be undertaken as early as possible to maximize the likelihood of restricting tumor dissemination. The anti-VEGFR-3 antibody mF4-31C1 restricted tumor growth in our study, in addition to blocking lymph node metastasis. The anti-growth effect was presumably due to reduced signalling via VEGFR-3 homodimers or VEGFR-2/VEGFR-3 heterodimers localized on blood vessels. VEGFR-2/VEGFR-3 heterodimers were recently reported to be localized in filopodia of leading tip cells on angiogenic sprouts, and are thought to positively regulate angiogenic sprouting [43] . Further, it has been shown that blocking VEGFR-3 signalling results in decreased sprouting, vascular density, vessel branching and endothelial cell proliferation in a range of mouse angiogenesis models [44] , as well as restricting primary tumor growth [45] . Other groups have shown that VEGF-D has a potential role as an autocrine growth factor in breast cancer [46] , suggesting a mechanism whereby expression of VEGF-D affects directly the tumor cells. We have found that the expression of VEGF-D and other VEGF family growth factors do not alter the growth characteristics of 293 cells in vitro suggesting that such an autocrine loop does not exist in this tumor model [18] .
Our data on the contribution of VEGFR-2 and VEGFR-3 to lymph node metastasis are consistent with our recently published study, using the same tumor model, showing that the collecting lymphatic vessels draining primary tumors can contribute to metastatic spread in a VEGFR-2 and VEGFR-3 dependent manner [17] . In the study reported here, DC101 demonstrated efficacy in preventing angiogenesis in, and growth of, the primary tumor. DC101 was however less effective in preventing metastasis. The reduction of 65 % in regional LN spread in DC101-treated tumors could be due to a number of effects. VEGFR-2 is expressed to some degree on small lymphatic vessels and therefore could provide a target here, similar to the more highly expressed VEGFR-3. We have shown in another study that inhibiting VEGFR-2 on collecting lymphatic vessels likely leads to reduced transport of tumor cells [17] . Further anti-VEGFR-2 Mab could be working at sites of metastasis to reduce the proliferation of any metastatic cells via inhibition of angiogenesis thus reducing the opportunity to detect tumor involved lymph nodes. Importantly, the difference between the DC101 and mF4-31C1 Mabs in their ability to inhibit LN metastasis (65 vs 95 % inhibition) appears to reside in the ability of anti-VEGFR-3 treatment to inhibit the effects of the lymphangiogenic growth factor on new or preexisting lymphatic vessels within and around the primary tumor. This conclusion is supported by the analysis of primary human breast cancers of different sizes in which tumors with high peritumoral LVD, rather than greater size, were more likely to metastasise. It is interesting that experimental data using inhibitors of the VEGF pathway in tumor models indicated increased local invasion and metastatic spread [47, 48] .
This was seen after short-term treatment with an antiangiogenic inhibitor in one case, however, others have suggested that this may be highly dependent on the class of drugs being investigated [49] [50] [51] . In our study we did not observe increased local invasion in response to anti-VEGFR-2 or anti-VEGFR-3 Mabs. The proposed prometastatic effect of anti-angiogenic reagents requires further evaluation at the experimental and clinical levels.
Clinically, the contributions of blood and lymphatic vessels, both new and preexisting, to the natural history of a tumor are not clearly defined [52] . Tumor growth, regional and distant organ metastasis, and ultimately patient outcome are all, in part, dependent on the function of blood and lymphatic vessels within and around a tumor [33] . While blood and lymphatic vessels may contribute to the escape of tumor cells from the primary tumor, they are also involved in establishing routes for delivery of nutrition and removal of cellular waste, thus facilitating primary tumor growth. Dissecting the roles that distinct vessel types play in the processes of tumor growth and metastasis will be important to assess optimal therapeutic approaches for targeting tumor angiogenesis and lymphangiogenesis. For example, a new area of active investigation is the analysis of distinct lymphatic vessel subtypes in cancer metastasis, and the molecular control of lymphatics involved in the uptake and transport of metastasizing tumor cells [17] .
Our findings from primary human breast cancers, that metastasis to regional lymph nodes correlated with LVD rather than tumor size, may have clinical implications. They suggest that high LVD in and around a primary breast cancer may have prognostic and therapeutic significance. From a prognostic point of view, lymph node involvement has long been recognized as the most important prognostic factor for patients with early breast cancer. We have found an association between LVD and nodal involvement. Further studies will be required to determine whether LVD is an independent prognostic factor, or indeed if it is a more useful factor than lymph node involvement. Also, further study of in vivo orthotopic models for diseases such as breast cancer [17] , combined with biomarker data from relevant human cancers will enable the connection between the 293 model and the primary tumor data identified in this study to be fully validated.
The management of axillary nodal metastasis has become more selective-initially with sentinel node biopsy and more recently with the selective approach to complete axillary dissection in the case of positive sentinel nodes [53] . The next logical step is a selective approach to any axillary nodal assessment. Our data suggest that patients whose cancer has high LVD are at substantially higher risk of nodal involvement and of more extensive nodal involvement. Caution would be required before reducing the extent of nodal surgery in these patients. Furthermore, recent genomic mapping of pancreatic cancer metastases has provided evidence for a series of mutational events and clonal evolution during the metastatic process, such that metastasis should be seen as a multi-step process, not a single release of cells from only the primary tumor [2] . Hence the nature of the metastatic cell can be a more important issue than the size of the tumor. Together, these findings indicate that the primary tumor need not have reached a significant size for initial lymph node metastasis to take place, and challenges the idea that tumors of a small size should be considered cured after surgical excision.
Collectively, our data suggest that combination treatment with anti-VEGFR-2 and anti-VEGFR-3 antibodies most thoroughly restricts primary tumor growth and lymph node metastasis. Both experimental and histopathological data show that VEGFR-3 signaling in lymphatic endothelial cells, and LVD, are key parameters relating to metastatic spread, whereas angiogenic signaling contributes principally to tumor growth. These results are consistent with recent findings that adjuvant trials with anti-angiogenic agents such as the anti-VEGF-A antibody Bevacizumab seem to have little effect on the long-term survival of cancer patients, while providing initial reduction in tumor burden for some patients [8] . Further characterization of the vascular effects of specific signaling pathways should help us resolve the contribution of different vessel types to the complex process of tumor progression.
